Root hair polar growth is endogenously controlled by auxin and sustained by oscillating levels of reactive oxygen species (ROS). These cells extend several hundred-fold their original size toward signals important for plant survival. Although their final cell size is of fundamental importance, the molecular mechanisms that control it remain largely unknown. Here we show that ROS production is controlled by the transcription factor RSL4, which in turn is transcriptionally regulated by auxin through several auxin response factors (ARFs). In this manner, auxin controls ROS-mediated polar growth by activating RSL4, which then up-regulates the expression of genes encoding NADPH oxidases (also known as RESPIRATORY BURST OXIDASE HOMOLOG proteins) and class III peroxidases, which catalyze ROS production. Chemical or genetic interference with ROS balance or peroxidase activity affects root hair final cell size. Overall, our findings establish a molecular link between auxin and ROS-mediated polar root hair growth. auxin | root hair growth | RSL4 | ROS | peroxidases
Root hair polar growth is endogenously controlled by auxin and sustained by oscillating levels of reactive oxygen species (ROS). These cells extend several hundred-fold their original size toward signals important for plant survival. Although their final cell size is of fundamental importance, the molecular mechanisms that control it remain largely unknown. Here we show that ROS production is controlled by the transcription factor RSL4, which in turn is transcriptionally regulated by auxin through several auxin response factors (ARFs). In this manner, auxin controls ROS-mediated polar growth by activating RSL4, which then up-regulates the expression of genes encoding NADPH oxidases (also known as RESPIRATORY BURST OXIDASE HOMOLOG proteins) and class III peroxidases, which catalyze ROS production. Chemical or genetic interference with ROS balance or peroxidase activity affects root hair final cell size. Overall, our findings establish a molecular link between auxin and ROS-mediated polar root hair growth. auxin | root hair growth | RSL4 | ROS | peroxidases I n Arabidopsis thaliana, root hair cells and non-hair cell layers differentiate from the epidermis in the meristematic zone of the root. Once root hair cell fate has been determined, root hairs protrude from the cell surface and represent up to 50% of the surface root area; this process is crucial for nutrient uptake and water absorption. Root hair growth is controlled by the interplay of several proteins, including the transcription factor (TF) ROOT HAIR DEFECTIVE 6 (RHD6), a class I RSL protein belonging to the basic helix-loop-helix (bHLH) family (1) . The bHLH transcription factor RSL4 (ROOT HAIR DEFECTIVE SIX-LIKE 4), which defines the final root hair length based on its level of expression (2) , is a central growth regulator acting downstream of RHD6. Other TFs also contribute to the regulation of root hair growth (3, 4) . Root hair cell elongation is modulated by a wide range of both environmental signals (5, 6) and endogenous hormones, such as ethylene and auxin (2, 5, 7) . However, the underlying mechanisms are unknown. The transcriptional auxin response is mediated by auxin binding to receptors of the TRANSPORT INHIBITOR RESPONSE 1/AUXIN SIGNALING F-BOX (TIR1/AFB) family and its coreceptor AUXIN/INDOLE 3-ACETIC ACID (Aux/IAA). This triggers the proteasome-dependent degradation of Aux/IAA, which results in the release of the auxin response factors (ARFs). The released ARFs bind to cis-auxin response elements (Aux-REs) in the promoters of early auxin response genes to trigger downstream responses (8) . Gain-of-function mutants for several Aux/IAAs exhibit reduced root hair growth (9) . On the other hand, a high degree of genetic redundancy is expected in root hairs because several ARFs are highly expressed in trichoblast cells [e.g., ARF7 and ARF19 are the two most abundant ARFs (10) ]. In agreement, the arf7arf19 double mutant did not show a reduction in root cell elongation (11) , indicating that there are other ARFs acting downstream of auxin in growing root hair cells. Auxin needs to be sensed in situ in hair cells to trigger cell expansion, although no molecular connection has been proposed yet between ARFs and downstream TFs that control growth (SI Appendix, Fig. S1 ). Downstream auxin signaling is sustained by an oscillatory feedback loop composed of two main components, calcium ions (Ca 2+ ) and reactive oxygen species (ROS). High levels of cytoplasmic Ca 2+ ( cyt Ca 2+ ) trigger ROS production by RBOHs (RESPIRATORY BURST OXIDASE HOMOLOG proteins), and high levels of apo ROS activate unknown Ca 2+ -permeable channels that promote Ca 2+ influx into the cytoplasm (12, 13) . Plant RBOHs are plasma membrane-localized NADPH oxidases that produce apoplastic superoxide ion (O 2 − ), which is mostly converted chemically or enzymatically into hydrogen peroxide (H 2 O 2 ). Arabidopsis RBOHs Significance Tip-growing root hairs are an excellent model system for deciphering the molecular mechanism underlying reactive oxygen species (ROS)-mediated cell elongation. Root hairs are able to expand in response to external signals, increasing several hundred-fold their original size, which is important for survival of the plant. Although their final cell size is of fundamental importance, the molecular mechanisms that control it remain largely unknown. In this study, we propose a molecular mechanism that links the auxin-auxin response factors module to activation of RSL4, which directly targets genes encoding ROSproducing enzymes such as NADPH oxidases (or RESPIRATORY BURST OXIDASE HOMOLOG proteins) and secreted type III peroxidases. Activation of these genes impacts on apoplastic ROS homeostasis, thereby stimulating root hair cell elongation. (AtRBOHA-J) are associated with diverse ROS-related growth responses (14) (15) (16) ; for instance, RBOHC promotes root hair budding (17, 18) , and RBOHH,J are required for proper pollen tube growth (19) . In addition, the pool of apo ROS can be modulated by the activity of class III peroxidases (PERs) (20) . The mechanism that links auxin to ROS-mediated cell growth is unclear (SI Appendix, Fig. S1 ). Here we propose a molecular mechanism in which endogenous auxin activates several ARFs to up-regulate the expression of RSL4, which controls ROS-mediated polar root hair growth by promoting the expression and activity of RBOH and PER proteins. On the other hand, we were not able to detect an auxin-mediated nontranscriptional fast response to trigger ROS production in root hair cells.
Results and Discussion
Several ARFs Mediate RSL4 Activation, Linking Auxin-Dependent Polar Growth to ROS Production in Root Hair Cells. To establish whether ROS production is linked to auxin-dependent polar growth, we analyzed root hair growth and ROS levels in the presence of exogenously supplied auxin (100 nM IAA). Auxin enhances root hair growth ( Fig. 1A and SI Appendix, Fig. S2A ) and triggers a slightly higher ROS level in root hairs longer than 300 μm (SI Appendix, Fig. S2B ). Next, we monitored cytoplasmic H 2 O 2 ( cyt H 2 O 2 ) levels using a genetically encoded YFP-based H 2 O 2 sensor, named HyPer, which reacts with H 2 O 2 when external apo H 2 O 2 is applied in the growing tip (SI Appendix, Fig.  S3A ). H 2 O 2 levels in auxin-treated roots maintain a moderate HyPer signal in root hairs longer than 700 μm, whereas there is no root hair development in nontreated ones that reach these cell lengths (SI Appendix, Fig. S3B ). Hence, the maintenance of cyt ROS levels is a reliable response to auxin in tip-growing root hairs. Auxin triggers polar root hair growth via an unknown mechanism involving RSL4 activation (5) . First, we analyzed whether both RSL2 and RSL4 directly regulate ROS production to trigger root hair growth. The rsl2-1 rsl4-1 double mutant showed highly reduced ROS levels, whereas slightly higher ROS levels were detected in the RSL4-overexpressing line (RSL4 OE ) than in the wild type (WT) during late stages of root hair development (≥400 μm in length) ( Fig. 1 B and C) . Therefore, both active RSL2 and RSL4 stimulate ROS production ( Fig. 1C and SI Appendix, Fig. S2D ). We then tested whether auxin triggers ROS production in an RSL2/RSL4-dependent manner. Auxin partially stimulated root hair growth and ROS production in each of the rsl4-1 and rsl2-1 null mutants but failed in the rsl2-1 rsl4-1 double mutant ( Fig. 1 A and B and SI Appendix, Fig. S2 C and D). Mutants for other reported TFs involved in root hair growth, such as mamyb (3) and hdg11 (4), were treated with auxin, but normal responses were observed, suggesting that these TFs are not involved in auxin activation (SI Appendix, Fig. S4 ). In addition, the RSL4 OE line was less sensitive to the RBOH inhibitor VAS2870 (VAS) with respect to cell growth-linked ROS production (SI Appendix, Fig. S5 ). Overall, these findings highlight the key role of both RSL2 and RSL4, although RSL4 has a more protagonist role as a main transcriptional activator of the ROS-related auxin response in root hairs.
Next, we tested whether ARFs regulate root hair growth by upregulating RSL4 expression and ROS production. Several ARFs, such as ARF5, ARF7, ARF8, and ARF19, are expressed in the meristematic and elongation zones of the root as well as in trichoblast cells and developing root hairs (SI Appendix, Fig. S6 A and  B) . Based on the lack of phenotype for the arf7 arf19 mutant (11), all data suggest a high degree of functional redundancy between these ARFs possibly involved in root hair growth. To overcome this, we then generated lines overexpressing these ARFs under the control of the strong root hair-specific promoter EXPA7 ( P7: ARF; SI Appendix, Fig. S6C ). Root hair growth was enhanced in three overexpression lines tested, especially in the ARF5 line ( Fig. 1D and SI Appendix, Fig. S6C ). Furthermore, RSL4 expression was elevated ( Fig. 1D ) and high ROS levels were maintained in the root hair cells of these lines during late developmental stages ( Fig. 1E ). Given that the region upstream of RSL4 contains eight ARF response elements ( Fig. 1F and SI Appendix, Table S2 ), we speculated that these ARFs would be able to bind to the RSL4 promoter and trigger its expression. To test this possibility, we carried out chromatin immunoprecipitation (ChIP) analyses ( Fig. 1F ) using an estradiolinducible version of ARF5-GFP because it was the most efficient ARF tested to up-regulate RSL4 expression. ChIP of ARF5 showed that the fold-enrichment levels are significantly higher in the Aux-RE regions than in the control (Fig. 1F ). These data indicate that ARF5 binds to Aux-REs in the RSL4 promoter region and positively regulates its expression. It is highly possible that ARF7 and ARF8 also bind and regulate RSL4 expression. Previously, it was shown that the Aux/IAA14 slr1-1 resistant mutant lacked root hairs (9), suggesting a strong inhibition of these ARFs. To test whether a single ARF is able to overcome this inhibition, we selected ARF19 because it is one of the ARFs most highly expressed in root hair cells (10) . High levels of ARF19 (ARF19 OE ; overexpression) were transgenically expressed in the Aux/IAA14 slr1-1 root hair-less background. ARF19 OE was able to completely rescue the slr1-1 root hair phenotype and normalize ROS levels (SI Appendix, Fig. S7 A and B). As expected, ARF19 nuclear expression is highly responsive to auxin and is localized in root epidermal cells close to the root hair development zone (SI Appendix, Figs. S6B and S7C). Together, these results and previous reports (9) (10) (11) suggest that high auxin levels in trichoblast cells would release several ARFs (e.g., ARF5, ARF7, ARF8, and ARF19) from its repressors Aux/IAAs, to directly control RSL4 expression (and possibly RSL2), triggering ROS-mediated root hair elongation ( Fig. 1F ). Further experiments are required to establish how these ARFs are regulated to act in a coherent manner to trigger the transcriptional response during cell growth.
RSL4-Regulated RBOHC,J as Well as RBOHH Drive ROS-Mediated Root Hair Growth. Besides RBOHC, two other RBOH groups exist: One group clusters RBOHC and is composed of RBOHE,F (SI Appendix, Fig. S8A ), and the other was previously implicated in polar growth of pollen tubes (19) and is composed of RBOHH,J.
To identify which of these RBOHs also contribute to ROS-linked tip growth, we isolated rboh mutants (SI Appendix, Fig. S8B and Table S1 ) and screened them for abnormal cell expansion linked to deficient ROS production ( Fig. 2 A and B) . Only rbohc-1 and c-2 showed short root hairs, whereas rbohh-1 and h-3 developed slightly less elongated cells (SI Appendix, Fig. S8 C and D). When double rboh mutants were analyzed, only rbohh,j and mutants containing rbohc showed a clear root hair growth reduction of up to 40% ( Fig. 2A ). In agreement with this, rbohc mutants showed highly reduced ROS levels, whereas double rbohh,j mutants presented moderate to low ROS levels ( Fig. 2B Fig. S9A ), implying that a complex and finetuned ROS regulation would be required to trigger growth. Together, these data suggest that although RBOHC is the main RBOH involved in ROS-mediated root hair growth, as reported previously (12, 17) , RBOHH,J are also important ROS-producing enzymes in this process.
Based on an analysis of RSL4-regulated genes (5), a putative RSL4 response element (RSL4-RE) with the sequence TN 6 CA[CT]G[TA] was identified that is highly similar to the root hair cis-element (RHE) TN 5-6 CACG[TA]. The promoter regions of the RBOHC, H, and J genes include several RHEs, suggesting that these three RBOHs could be direct targets of the RSL4 TF (SI Appendix, Table S2 ). Using ChIP analysis, we examined whether RSL4-GFP could bind to the promoter regions of RBOHC,H,J in vivo. Except for the RBOHH gene, RSL4 bound to at least one RHE region in the RBOHC and RBOHJ promoters ( Fig. 2E ). This result suggests that RSL4 directly regulates these two ROS-related genes to generate the ROS required for tip growth.
Why are three RBOH proteins needed to trigger polar growth in a single cell? The simplest hypothesis is that these RBOHs act sequentially. Low levels of ROS were detected when the root hair first emerged from the root, but the ROS signal was up to twofold greater in slightly longer WT Col-0 root hairs (of 200 to 250 μm in length) (SI Appendix, Fig. S9 D and E) . At a comparable stage, root hairs of the rbohc-1 mutant had very low levels of cyt ROS and those of the rbohh,j double mutant had only slightly lower ROS levels than did those of WT Col-0. In later growth stages, cyt ROS levels were drastically reduced in the double rbohh,j mutant. This suggests that RBOHC is the first RBOH to produce ROS, and that RBOHC functionally overlaps with RBOHH,J. Finally, RBOHH,J produced ROS that was linked to root hair tip elongation at later developmental stages (>200 μm in length) (SI Appendix, Fig. S9E ). Next, we investigated whether ROS is required for root hair initiation by subjecting WT Col-0 roots to VAS. The concentration of VAS needed to inhibit root hair growth by half (IC 50 ) was ∼7.5 μM (SI Appendix, Fig. S9B ), which is similar to ROS VAS IC 50 (∼7.0 μM) (SI Appendix, Fig. S9C ). The rbohc-1 mutant (12) showed very short root hairs up to 150 μm in length (SI Appendix, Fig. S9B ) but still produced ∼30% of ROS compared with WT root hairs ( Fig. 2D and SI Appendix, Fig. S9C ), indicating the presence of residual ROS production (17) . Because ROS homeostasis could be modified by the activity of PER, we treated WT and rbohc-1 mutant roots with the PER inhibitor SHAM (salicylhydroxamic acid) (21) at concentrations of up to 100 μM. SHAM treatment resulted in a significant reduction in total ROS in rbohc-1 in comparison with nontreated rbohc-1, although root hair initiation was not abolished (SI Appendix, Fig.  S10 ). In an analysis using HyPer, 100 μM SHAM completely abolished the H 2 O 2 signal in the whole root (SI Appendix, Fig.  S11 ), confirming that PERs also contribute to ROS production. This implies that, at least in A. thaliana, initial development of the root hair tip is not affected by highly reduced ROS levels.
RSL4-Regulated PERs Affect ROS Homeostasis and Polar Root Hair
Growth. Next, coexpression analysis revealed that RSL4 is highly coregulated at the transcriptional level with several PER genes, most of which exhibit root hair expression (SI Appendix, Fig. S12 A and B) (5) . We then analyzed the corresponding T-DNA per mutants (SI Appendix, Fig. S12C and Table S1 ). The single mutant per1-2 and double mutant per44-2,73-3 (all null mutants except for per1-2 knockdown; SI Appendix, Fig. S12D ) showed mild phenotypes (short root hairs), with up to ∼30% reductions in ROS levels ( Fig. 3 A and B) . This suggests that there is genetic redundancy between these PERs in the regulation of ROS homeostasis. The levels of cyt H 2 O 2 , as visualized with HyPer, were reduced in root hairs treated with 75 μM SHAM (Fig. 3C ), and this result was confirmed using a 2′, 7′-dichlorodihydrofluorescein diacetate (H 2 DCF-DA) probe (SI Appendix, Fig. S10B ). In addition, peroxidase activity was significantly lower in SHAM-treated roots as well as in per mutants and higher in PER44 overexpressor (PER44 OE ) than in WT nontreated ones ( Fig. 3D ), suggesting a direct link between peroxidase activity and ROS homeostasis. To explore the transcriptional regulation of these PERs in ROS-mediated root hair growth, we analyzed the regulatory region of the genes encoding these PERs. We identified several putative RHE motifs (SI Appendix, Table S3 ), suggesting that these genes could be direct targets of RSL4, as suggested by the coexpression analysis (SI Appendix, Fig. S12A ). ChIP assays revealed that RSL4 binds to the RHE of four PERs, PER1, 44, 60, and 73 (Fig. 3E ). In agreement with this, much higher and lower levels of PER1 and PER73 were detected in RSL4 OE /WT and WT/rsl4-1 lines, respectively (5), suggesting that RSL4 promotes the expression of at least these two PERs. At last, higher peroxidase activity was found in P7: ARF5 and P7: ARF8 lines (where RSL4 expression is up-regulated; Fig. 1D ) and much lower activity was detected in rsl4-1, which lacks RSL4 (Fig. 3F) , confirming that RSL4 not only directs PER expression at the transcriptional level but also impacts on the PER activity ( Fig. 3G ). We then examined whether auxin treatment could compensate for the lack of RBOH and PER proteins ( Fig. 4 A and B) . Auxin treatment partially rescued the reduced length and ROS levels of the rbohc-1 mutant, resulting in ∼30% increases in both, and almost fully rescued the defects in the rbohh,j and per44-2,73-3 mutants ( Fig. 4 A and B) . When 15 μM VAS was added along with the auxin (IAA), the rbohc-1 mutant exhibited intermediate root hair growth and partial recovery of ROS levels (SI Appendix, Fig.  S13 A and B) , suggesting other sources of ROS. When SHAM was added in addition to VAS (SHAM+VAS) in the presence of auxin, a low recovery of root hair growth and ROS levels was detected in rbohc-1 and WT root hairs (SI Appendix, Fig. S13 C  and D) . Together, these findings confirm that auxin requires both RBOH-derived ROS and ROS produced by PER to modulate polar growth (SI Appendix , Fig. S13E ). The small although detectable recovery in ROS and cell growth after auxin treatment in root hair cells (in rbohc-1 as well as in WT) in the presence of both inhibitors, VAS and SHAM (SI Appendix, Fig. S13 C and D) , would possibly suggest the existence of an unknown source of ROS coming from other apoplastic ROS-producing enzymes (e.g., oxalate oxidase, diamine oxidase, lipoxigenases, etc.) also regulated by auxin-RSL4 (and possibly RSL2) (SI Appendix, Fig. S13E ), which will require further investigation.
Finally, we tested whether auxin is able to trigger a rapid and nontranscriptional response impacting on ROS production in the root hair tip (SI Appendix, Fig. S14 ). We applied IAA in growing root hairs that express the HyPer sensor, and no significant changes were detected before or after hormone treatment (SI Appendix, Fig. S14 A and B) . A similar result was obtained when ROS levels were measured with the dye H 2 DCF-DA (SI Appendix, Fig. S14C ). Overall, our results suggest that the main auxin downstream targets are RSL4 (and possibly RSL2) and the transcriptional activation of genes related to ROS production and involved in polar growth (SI Appendix, Fig. S13E ). We cannot exclude other direct nontranscriptionally activated targets involved in the auxin response in root hair cells, but we fail to detect changes in H 2 O 2 /ROS upon auxin stimulation in our experimental conditions.
Conclusions
A root hair is a single-cell protrusion able to extend in response to external signals, increasing several hundred-fold its original size, which is important for survival of the plant. Final root hair size has vital physiological implications, determining the surface area/volume ratio of the whole roots exposed to nutrient pools, thereby likely impacting nutrient uptake rates. Although the final hair size is of fundamental importance, the molecular mechanisms that control it remain largely unknown. Here we propose a mechanism that explains how root hair tip growth works under auxin regulation of ROS homeostasis by activating several ARFs and subsequently up-regulating the expression of the bHLH TF RSL4 (and possibly RSL2). RSL2/RSL4-dependent ROS production is catalyzed by RBOH and PER enzymes, which facilitates polar root hair growth and defines its final cell size (Fig. 4C ). Auxin is a prominent signal in trichoblast cells, and is essential for proper polar root hair growth. Auxin-ARF activation of the bHLH TF regulates several other plant developmental processes (22, 23) .
Here we have identified that auxin activates RSL4 via several ARFs (ARF5, 7, 8) , which bind (at least ARF5) to several Aux-REs (8) in the RSL4 regulatory region. In addition, high levels of ARF19 are able to overcome a resistant Aux/IAA14, slr1-1, to trigger ROS-mediated polar growth. Recently, two dominant mutated versions of Aux/IAA7 were found to completely suppress root hair growth by down-regulating RSL4 expression (24) . Based on these results, we hypothesize that IAA7-IAA14 directly repress several ARFs (ARF5, 7, 8, 19) to control RSL4 (and RSL2) expression. Based on the mutant analysis, RSL2 would act together with RSL4 to trigger ROS responses when stimulated with auxin. Once RSL4 is active, it will trigger RSL2 expression (2, 5) , and both are able to control ROS homeostasis during polar root hair growth by directly regulating the expression of RBOHs and PERs. Different types of ROS affect cell growth by modulating the balance between cell proliferation and cell elongation in the root meristem (25, 26) by an unknown molecular mechanism. In this study, we report that, under auxin induction, RSL2/RSL4 triggers ROS-mediated cell elongation. ChIP analysis revealed that RSL4 directly regulates the expression of two RBOHs as well as four PERs. However, out of 34 putative direct targets of RSL4 reported (27) , only a few (e.g., PER7) were found to be associated with ROS homeostasis. In another recent report, RSL4 was shown to bind to RHE and trigger (directly or indirectly) the expression of the smallest subset of 124 genes involved in ROS homeostasis, cell-wall synthesis and remodeling, metabolism, and signaling that are necessary and sufficient to trigger root hair growth (28) . Still unknown are the RSL2 targets and how RSL2 acts in a cooperative way with RSL4. In addition, the transcriptional mediator subunit (MED) MED15/PHYTOCHROME AND FLOWERING TIME 1 affects ROS levels by triggering transcriptional changes in root hair cells (29) , probably via a mechanism that does not involve RSL4. Alternatively, ROS homeostasis may be influenced by other factors, independent of the RSL4 transcriptional program, that also modulate RBOH and PER activities, such as Ca 2+ binding and posttranslational modifications (18, 30) . Overall, here we have established a key role of RSL4 as one transcriptional activator of the ROS-related auxin response in root hairs together with RSL2, but we cannot discard that other TFs could also act downstream of auxin and independent of RSL2/RSL4 to trigger ROS production in root hair cells (SI Appendix, Fig. S13E ).
Here we identified two RBOHs (RBOHH and J) together with the previously reported RBOHC (12) and four PERs (PER1, 44, 60, and 73) that are involved in ROS-mediated polar root hair growth in Arabidopsis (Fig. 4C ). In agreement with our findings, an RBOH named RTH5 (root hair-less 5) from maize with high sequence similarity to AtRBOHH,J was also linked to root hair cell expansion (31) . Several of the PERs identified as contributing to ROS-mediated root hair growth were previously found to modulate cell growth but were not shown to be involved in ROS homeostasis (27, 32) . Exogenously supplied H 2 O 2 inhibited root hair polar expansion, whereas treatment with ROS scavengers (e.g., ascorbic acid) caused root hair bursting (16) , reinforcing the notion that apo ROS modulates cell growth by impacting cell-wall properties. In this manner, apo ROS molecules ( apo H 2 O 2 ) coupled to PER activity directly affect the degree of cell-wall crosslinking (14, 20) by oxidizing cell-wall compounds and leading to rigidification of the wall in peroxidative cycles (16) . The identified PER1,44,60,73 directly contribute to PER activity in peroxidative cycles. On the other hand, apo ROS coupled to PER activity enhances nonenzymatic wall loosening by producing oxygen radical species (e.g., • OH) and promoting polar growth in hydroxylic cycles (33) . It is unclear how opposite effects on cell-wall polymers are coordinated during polar growth (20, 33) . Finally, PERs also contribute to the superoxide radical (O 2 ) pool by oxidizing singlet oxygen in the oxidative cycle, thereby affecting apo H 2 O 2 levels. Although ROS is produced in the apoplast, influencing cellwall properties during cell expansion, H 2 O 2 is also present at high levels in the cytoplasm during polar growth (17) . In agreement, H 2 O 2 influx from the apoplast was demonstrated for several plant plasma membrane intrinsic proteins (PIPs) in heterologous systems (34, 35) as well as in plant cells (36) . Because cytosolic acidification triggers a drastic reduction in the water permeability of several PIPs, it is plausible that oscillating pH changes in growing root hairs (17) directly regulate the cycles of cyt H 2 O 2 influx. Once H 2 O 2 molecules are transported into the cytoplasm, they trigger downstream responses linked to polar growth (12, 18) .
Materials and Methods
Root Hair Phenotype. For quantitative analysis of root hair phenotypes in rboh mutants and WT Col-0, 200 fully elongated root hairs were measured (n = 30 roots) from seedlings grown on vertical plates for 10 d. Values are reported as the mean ± SD using ImageJ 1.50b software (NIH). Measurements made on images were captured with an Olympus SZX7 zoom microscope equipped with a Q-Color5 digital camera. Ten-day-old roots for ARF OE were digitally photographed with a stereomicroscope (M205 FA; Leica) at a 40× magnification. The hair length of 8 to 10 consecutive hairs protruded perpendicularly from each side of the root, for a total of 16 to 20 hairs from both sides of the root.
H 2 DCF-DA Probe Used to Measure Total ROS. Growth of Arabidopsis seeds on a plate was done with 1% sterile agar for 8 d in a chamber at 25°C with continuous light. These seedlings were incubated in darkness on a slide for 10 min with 50 μM 2′,7′-dichlorodihydrofluorescein diacetate at room temperature. Samples were observed with a confocal microscope equipped with a 488-nm argon laser and BA510IF filter sets. A 10× objective was used, 0.30 N.A., 4.7 laser intensity, 1.1 offset, 440 photomultiplier (PMT) (for highest ROS levels), 480 PMT (for ROS media), and gain 3. Images were taken scanning XZY with 2 μm between focal planes. Images were analyzed using ImageJ. To measure ROS highest levels, a circular region of interest (ROI) (r = 2.5) was chosen in the zone of the root hair with the highest intensities. To measure ROS mean, the total area of the root hair was taken. Pharmacological treatments were carried out with a combination of the following reagents: 100 nM and 5 μM IAA, 15 μM VAS2870, and 100 μM SHAM. In the case of a short time experiment with IAA, 8-d-old WT plants were incubated with 100 nM IAA for 3 min and coincubated for 7 min with 100 nM IAA and 50 μM H 2 DCF-DA at room temperature. We washed the sample with MS 0.5× solution, and image acquisition was done with a 10× objective and 400 ms of exposure time on an epifluorescence microscope (Imager A2; Zeiss). As a control, we incubated 10-d-old WT plants with MS 0.5× solution for 3 min and coincubated for 7 min with MS 0.5× and 50 μM H 2 DCF-DA at room temperature. To measure ROS levels, a circular ROI (r = 2.5) was taken at the tip of the root hair. Values are reported as the mean ± SD using ImageJ 1.50b software.
